. The precursors of nonhematopoietic tissues were initially referred to as plastic-adherent cells or colonyforming-unit fibroblasts (1, 5, 7) and subsequently as either mesenchymal stem cells (8) or marrow stromal cells (MSCs). The cells have attracted interest because of their ability to serve as a feeder layer for the growth of hematopoietic stem cells, their multipotentiality for differentiation, and their possible use for both cell and gene therapy (see refs. [8] [9] [10] [11] .
Friedenstein et al. (1) initially isolated MSCs by their adherence to tissue culture surfaces, and essentially the same protocol was used by many subsequent investigators (see refs. 2-5,7, 8, and 12-21) . The isolated cells were shown to be multipotential in that they differentiated in culture or after implantation in vivo into osteoblasts, chondrocytes, adipocytes, and myotubes. After systemic infusion of MSCs, progeny of the cells appeared in a variety of tissues, including bone (22) (23) (24) (25) , cartilage (22, 23) , lung (22, 23, 26) , spleen (26) , and thymus (26) . Also, engraftment of donor MSCs into repairing muscle was observed after either local injection or systemic injection (27) . Engraftment into muscle of a dystrophin-deficient mouse was seen after systemic infusion of rare marrow cells defined as a ''side population'' (SP) or SP cells that may be precursors of MSCs (28, 29) .
In addition, MSCs or related cells were also shown to engraft into the central nervous system. The presence of donor-derived astrocytes was observed after systemic infusion of whole marrow into immunodeficient mice (30) . After direct infusion into basal ganglia of rats, either rat or human MSCs integrated and migrated in a manner similar to paraventricular astrocytes that have many of the properties of neural stem cells (31) . After mouse MSCs were infused into the paraventricular region of newborn mice, some of the cells differentiated into astrocytes (32) . Others appeared in large numbers in neuron-rich regions and probably differentiated into neurons (32) . The potential for interconvertibility of cells between bone marrow and the central nervous system was also emphasized by the observation (33) that neural stem cells can reconstitute the hematopoietic system in mice that have undergone marrow ablation.
Despite the great interest in MSCs, there is still no welldefined protocol for isolation and expansion of the cells in culture. Most experiments have been carried out with cultures of MSCs that are isolated primarily by their tight adherence to tissue culture dishes as described by Friedenstein et al. (1, 6) . Several groups of investigators developed protocols to prepare more homogeneous populations (34) (35) (36) (37) (38) (39) (40) , but none of these protocols has gained wide acceptance.
In the present report, we have identified a subpopulation of cells in cultures of MSCs that are small, proliferate rapidly, undergo cyclical renewal when the cells are replated, and are precursors of more mature cells in the same cultures. Therefore, we have referred to the cells as recycling stem (RS) cells. In addition, we have defined conditions under which RS cells can be amplified about 10 9 -fold in 6 wk.
Materials and Methods
Isolation and Culture of Human MSCs (hMSCs). hMSCs were obtained from 20-ml aspirates from the iliac crest of normal donors ranging in age from 19 to 49 yr (41) . With several donors, duplicate samples were obtained on the same occasion from the right and left iliac crest. Each 20 ml of aspirate was diluted 1:1 with Hanks' balanced salt solution (HBSS; GIBCO) and layered over about 10 ml of ficoll (Ficoll-Paque; Pharmacia). After centrifugation at 2,500 ϫ g for 30 min, the mononuclear cell layer was removed from the interface and suspended in HBSS. Cells were centrifuged at 1,500 ϫ g for 15 min and resuspended in complete medium (MEM, ␣ medium without deoxyribonucleotides or ribonucleotides; GIBCO); 20% FCS lot selected for rapid growth of MSCs (Atlanta Biologicals, Norcross, GA); 100 units͞ml penicillin (GIBCO), 100 g͞ml streptomycin (GIBCO); and 2 mM L-glutamine (GIBCO). All of the cells were plated in about 25 ml of medium in a 176-cm 2 culture dish (Nunc) and incubated at 37°C with 5% humidified CO 2 . After 24 h, nonadherent cells were discarded, and the adherent cells were thoroughly washed twice with PBS. Fresh complete medium was added and replaced every 3 or 4 days for about 14 days. The cells were harvested with 0.25% trypsin and 1 mM EDTA (GIBCO) for 5 min at 37°C, replated in a 79-cm 2 plate, again cultured for about 14 days, and harvested. About 8 ml of complete medium was mixed with the trypsinized cells to inactivate the trypsin, and the cells were counted with an automated instrument (Coulter) or a hemacytometer. The cells were recovered by centrifugation and suspended at a concentration of 1 to 2 ϫ 10 6 cells per ml in 5% DMSO and 30% FCS. Aliquots of about 1 ml each were slowly frozen and stored in liquid nitrogen. One or two aliquots of each frozen stock was assayed (41) for colony-forming units (cfus). The values for cfus per 100 cells ranged from 12 to 42. To grow cultures at varying cell densities, a frozen stock of MSCs was thawed at 37°C, diluted with complete medium, and recovered by centrifugation to remove the DMSO. The cells were suspended in medium and plated at about 5,000 cells͞cm 2 . After incubation for about 1 day, nonadherent cells were removed, the adherent cells were harvested with EDTA͞trypsin, dissociated by passage through a narrowed Pasteur pipette, counted, and replated at the densities indicated in 10 ml medium on 79-cm 2 plates.
FACS Analysis. Cultured MSCs were detached with EDTA͞tryp-sin, suspended in 0.5 ml PBS at concentrations of 20,000 to 100,000 per ml and assayed in a flow cytometer (FACsort; Becton Dickinson). To identify surface epitopes, large samples were prepared by plating about 18,000 MSCs at a density of three cells͞cm 2 in 1 liter of medium in an interconnecting system of tissue culture flasks (6,000 cm 2 ; Cell Factory, Nunc). The cells were cultured for 6 days and then harvested with EDTA͞trypsin. The cells were washed by centrifugation in PBS and resuspended in PBS at a concentration of about 100,000 cells͞ml. The cells were fixed in 1% methanol or acetone at 4°C for 10 min and washed with PBS. Nonspecific antigens were blocked by incubating the cells at room temperature for 1 h in 1% BSA, 0.1% FCS, and 0.1% goat serum. The cells were washed by centrifugation in three volumes of PBS, and the cell pellet was suspended in 0.5 ml of a primary antibody solution containing 20 g͞ml of antibody, 1% BSA, and 0.1% goat serum. After incubation for 40 min at 4°C, the cells were washed in PBS. The primary antibodies were mouse anti-human, obtained from the following sources: CD90 (Chemicon); CD117 (Chemicon); CD11b (FITClabeled; Chemicon); CD38 (Chemicon); Stro-1 (IgM Hybridoma Bank at the University of Iowa); CD45 (PharMingen); CD31 (Biomeda); CD34 and CD43 (Santa Cruz Biotechnology). For an isotype control, nonspecific mouse Ig (DAKO) was substituted for the primary antibody. For antibodies that required a second antibody for detection, the cell pellet was incubated under the same conditions for 20 min with antimouse IgG labeled with FITC (Santa Cruz). The cells were then washed in PBS and suspended in 1 ml of PBS for FACS analysis.
Results

Effect of Plating Density on Expansion of MSCs.
As noted in previous reports (17) , human MSCs form single-cell derived colonies when plated at low density so as to form single-cell-derived colonies. Here, we found that the number of colonies formed per 100 cells plated remained constant when we varied the density of plating from 0.5 to 12 cells͞cm 2 . However, we noticed that the size of the colonies decreased markedly when the cells were plated at the higher densities. Colonies of maximal size were obtained when cells were plated at 1.5 or 3.0 cells͞cm 2 with MSCs from most stock samples of bone marrow aspirates (Fig.  1) . The colonies were smaller when plated at 6 or 12 cells͞cm 2 . The colony size was not affected by exchanging the medium every other day or after 10 days (not shown). However, the yield of cells decreased as the size of the colonies decreased. When cells were plated at a low density of 1.5 or 3.0 cells͞cm 2 , the cells expanded up to 2,000-fold over about 10 days (Fig. 2A) . In contrast, cells plated at 12 cells͞cm 2 expanded only about 60-fold. When plated at low density, the cells typically exhibited three phases of growth: a lag phase, a log phase of rapid growth, and then a stationary phase (Fig. 2 A) . During the log phase, the cells plated at low density doubled an average of about twice per 24 h, i.e., doubling times of about 12 h (Fig. 2B) . When cells were plated at 6 cells͞cm 2 instead of 1.5 cm 2 , the most rapid growth was at day 6 instead of day 8 (not shown). If cells were plated at 12 cells͞cm 2 , the doubling time was 24 h or greater throughout the culture period (Fig. 2B ).
Identification of a Subpopulation of Progenitors. Cells from stationary cultures of MSCs were assayed for size and granularity by forward light and side light scattering by FACS. Two populations of cells were seen in stationary cultures (Fig. 3A) . Most of the cells were large and had a medium content of granules. However, there was a minor population of small and agranular cells. Staining with propidium iodide demonstrated that about 98% of the cells in both populations were viable. Staining with the cell-cycle specific antigen K i -67 indicated that the small, agranular cells were not in cell cycle, whereas the larger cells were in cell cycle (not shown). A similar pattern of large and small cells was observed with cultures plated at 12 cells͞cm 2 and examined after 5 days (not shown). However, a different pattern was seen with cultures that were plated at 1.5 or 3.0 cells͞cm 2 and examined at 5 days. About 13% of the cells were small and agranular cells, but a new subpopulation of small and granular cells accounted for about 30% of the total population (Fig. 3B) . Staining with K i -67 demonstrated that the small and granular cells were in cell cycle (not shown). For convenience, we refer here to the small and agranular cells as RS-1, the small and granular cells as RS-2, and the large and moderately granular cells as mature MSCs (mMSCs). Graphing of the data from the experiment shown in Fig. 3 indicated that RS-2 cells first appeared and expanded during the lag period (Fig. 4) . During the log phase of growth, the RS-2 cells decreased in number and the mMSCs rapidly expanded. During the late log phase, the RS-2 cells disappeared, and the RS-1 cells expanded. Moreover, the slope of the plot was 0.82 Ϯ 0.96 SD. Therefore, the results indicated that each RS cell formed a colony with an average efficiency of about 82%. As also indicated in Fig. 5 , the same relationship between cfus and total RS cells (RS-1 plus RS-2) was found with samples from the same culture at different times after plating. For example, one culture was assayed on day 5 and day 12. On day 5, about 48 of every 100 cells was an RS cell and about 42 colonies were formed. On day 12, about 12 cells per 100 were RS cells and about 12 colonies were formed. Because most of the RS cells on day 5 were RS-2 cells and most of the RS cells on day 12 were RS-1 cells, the results indicated that both populations generated single-cell derived colonies.
Epitope Profile of the Cell Cultures. All of the cells in the cultures of MSCs were consistently negative for CD34, a marker for early hematopoietic stem cells (Table 1) . They were also negative for other markers for hematopoietic cells (CD11B, CD43, CD45). A small number (less than 10%) of all three cell types were dimly positive for the endothelial cell marker CD31. Also, a small number were dimly positive for CD38, a marker for B lymphocytes, and some thymocytes, T lymphocytes, NK cells, and macrophages. The mMSCs were dimly positive for the hematopoietic stem cell marker CD117 (c-Kit), but the RS-1 and RS-2 cells were negative. As reported previously (41), the mMSCs were moderately positive for Stro-1, an epitope for osteogenic MSCs (35) . However, RS-1 and RS-2 cells were negative for Stro-1. One marked difference in the epitopes among the three subpopulations of cells was that the mMSCs were positive for CD90 (Thy-1), a marker for thymocytes and peripheral T lymphocytes. RS-1 cells were dimly positive, but the RS-2 cells were negative.
Extensive Expansion of the MSCs by Plating at Low Density. Because plating of MSCs at low density promoted rapid growth of the cultures (Figs. 1 and 2) , we examined the extent to which the cells could be expanded in culture by repeated passage at low density. In one experiment, the cells were plated at low density, a large colony was isolated from the plate with a cloning ring, and the cells in the colony replated at low density. The procedure was repeated so that only the cells from the largest colonies were passed. The cells continued to grow through about 50 population doublings (Fig. 6) . In contrast, when a similar sample of MSCs was passed at high density, the cells stopped growing after about 15 doublings.
In a second series of experiments, several samples of MSCs were passed at low density with a more conventional protocol in which all of the cells from a culture were harvested with EDTA͞trypsin and an aliquot was replated at 3.0 cells͞cm 2 for the next passage. The procedure was repeated for a total of three passages. The fold expansion of the cells varied from about 150-fold to over 2,000-fold during single passages of 14 days (Table 2 ). With the four separate samples from two donors, the average fold expansion per passage was 600-fold and therefore about 2 ϫ 10 9 -fold over three passages in 6 wk. If all of the cells from each passage had been plated, over 10 13 MSCs would have been obtained from each 20 ml aspirate. The average percent cfus at the end of the third passage was about the same as the initial value for the samples (28% vs. 33%). Therefore, calculated cumulated yield of cfu cells was also about 10 13 .
Discussion
Numerous previous reports demonstrated that MSCs are relatively easy to expand in culture by capitalizing on their tendency to adhere and proliferate on tissue culture surfaces (see refs. 1, 6, [15] [16] [17] [18] . Some species and strain-dependent variations are seen. In particular, murine MSCs from several strains are found to be difficult to propagate and are usually contaminated by hematopoietic precursors (see refs. 15 and 42). In contrast, human MSCs are relatively easy to propagate and are largely free of hematopoietic precursors after two or three passages. In previous reports, however, human MSCs were passed by plating at relatively high densities of 5,000 cells͞cm 2 and expanded 3-to 5-fold as the cells grew to confluency over about 2 wk (see ref.
18). As demonstrated here, the cells propagate in a much more dramatic manner if they are plated at extremely low densities of 1.5 or 3.0 cells͞cm 2 . At lower densities, the cultures expanded an average of 600-fold in 2 wk. In some passages, up to 2,000-fold expansion in 12 days was observed. We are currently exploring the possibility that the slow growth of the cells after high density plating is explained either by cell-to-cell contact or factors that the cells secrete into the medium. The rapid expansion of the MSCs in culture was found to depend on the presence of a minor population of small cells. Therefore, the simplest explanation for these observations is that the cells referred to here as RS-1 cells generate RS-2 cells during the lag phase, the RS-2 cells give rise to mMSCs during the log phase, and then the RS-2 cells regenerate RS-1 cells during the late log phase (Fig. 7) . This sequence is consistent with the time course in which the cells appear and disappear in the cultures and the linear relationship between the number of RS cells and the number of cells in the same samples that can generate single-cell derived colonies.
The ease with which stem-like cells in cultures of human MSCs can be expanded presents a marked contrast to the difficulties that have been encountered in expanding hematopoietic stem cells (see ref. 43) or the relatively slow rate at which neural progenitor cells expand in culture (44) . The ability to rapidly expand human MSCs in culture will be of obvious importance in using the cells for cell and gene therapy (see refs. 8 and 9). Under the conditions developed here, one bone marrow aspirate obtained under local anesthesia can generate about 10 13 cells, a number that approaches the total number of cells in the adult body. Of special importance was that after extensive expansion of the cells, the number of cfus remained unchanged. cfu values for cultures of hMSCs were previously shown to be closely correlated to the ability of the cells to differentiate into both osteoblasts or adipocytes (41) . Therefore, the results suggest that the expanded cells maintain their multipotentiality. ‡ The samples were from bone marrow aspirates obtained at the same time from two normal volunteers (58 and 59), one from the right iliac crest (58R and 59R) and one from the left iliac crest (58L and 59L). Each of the aspirates was about 20 ml, from which 1.2 to 2.7 ϫ 10 7 nucleated cells were obtained. The nucleated cells were plated at high density to obtain frozen stocks of early passage MSCs (see text). Fig. 7 . Scheme for the precursor-product relationships of cells in cultures of MSCs. As discussed in the text, the large mMSCs replicate poorly (2, 41) . Therefore, the RS-2 cells that appear during the lag phase must arise from RS-1 cells (Fig. 4) . During the early log phase of growth, the RS-2 cell decline in number as the mMSCs appear in large numbers. Therefore, the RS-2 cells are probably precursors of the mMSCs. However, the data do not completely exclude the possibility that RS-2 cells rapidly generate RS-1 cells, and the RS-1 cells then give rise to mMSCs (dashed arrow). Also, the earliest mMSCs probably continue to replicate. During the late log phase, the RS-2 cells decline in number, and the subpopulation of RS-1 expands. Therefore, the RS-2 cells probably recycle into RS-1 cells.
